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FORE WORD 

?'!ria f i ~ d  repart d ~ c u m ~ ~ t s  sfid etimmaiizes the ieaii!te ~f *-ark per -  

f o r m e d  on t h e  e lec t rof lu id  c o n v e r t e r  development p r o g r a m ,  Con t rac t  NAS8- 

11324. 

Engineer ing  C e n t e r  pe r sonne l  for t h e  NASA As t r ion ic s  Laboratory of t he  

G e o r g e  C. M a r s h a l l  Space  F l igh t  Center  du r ing  t h e  pe r iod  June  25, 1965 to 

M a r c h  25, 1966. 

Th i s  work  was  performed b y  Lockheed Huntsvil le R e s e a r c h  & 

Var ious  electrof luid c o n v e r t e r  concepts  w e r e  developed and model8 

demons t r a t ing  each concept  were f ab r i ca t ed  and  invest igated.  

is r e q u i r e d  to be su i t ab le  for dr iv ing  a propor t iona l  p u r e  fluid ampl i f ie r .  

The p r o g r a m  included ident i f icat ion of t echniques ,  component  ana lys i s  and  

s imula t ion ,  h a r d w a r e  development ,  e lem enta  ry l a b o r a t o r y  expe r imen t s  , 
and developmenta l  model fabr ica t ion  tes t ,  demonst ra t ion ,  a n d  del ivery.  

The c o n v e r t e r  

P r i n c i p a l  con t r ibu to r s  on t h i s  p r o g r a m  w e r e  Dr .  C. S.  Chang, Dr .  

W. Trautwein ,  G. 0. Floyd,  P, R. Bradie ,  T. Dannback, R. B. F u l l e r ,  

and J. E. Reich. NASA/MSFC Technica l  S u p e r v i s o r s  for t he  con t r ac t  were 
M e s e r s .  W. L. Howard,  J. R .  Smith ,  C. S. Cornei lus ,  and  J. A. P e o p l e s  

of t h e  F l igh t  Con t ro l  Development  Branch ,  A s t r i o n i c s  Labora tory .  
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1. INTRODUCTION 

“?!th~ugh pi;re {Piid devices have f~t i f id  liiiide application for Beilsiiig, 

s witch in g , am plif i cation, cont r ol ling , and com put a t  ion, with in a n  y given 

system it is often deoirable to perform part  of the system functions elec- 

tronically. In such a part-fluid, part-electronic system, it is  necessary 
to perform the signal conversion from electric to fluid. Such a n  electric- 

to-fluid interface device is the subject of this program. The conceptual 

studies 

i n  three successful models employing piezoelectric benders as  conversion 

mechanisms. One of these models, a flapper valve type, was refined into 

an integrated package. 

and developmental activities associated with this effort resulted 

Two diatinct methods of accomplishing electric to fluid conversion 

were investigated. One method involves deflection of the fluid flow (stream) 

by fluidic means, and the other achieves the required conversion by elec- 

tromechanical actuation. Motivation techniques considered include piezo- 

electric means, magnetostrictive devices, and control by reed deflection. 

Each of these techniques is  capable of receiving an electrical input and 

converting it into a mechanical o r  pressure output to cause changes in  fluid 

flow. 

program. 

The piezoelectric method of motivation was the one explored on this 

Related areas ,  such as  design and development of a pneumatic filter, 
reduction of time delay i n  converters, and flow visualization, which a r e  

common to all  models, were investigated in  various degrees. 

eignal conversion were also thoroughly evaluated. 

Methods of 

Four electrofluid converter concepts were considered and inveeti- 
(1) deflectable splitter; (2) flapper valve; (3) acoustic driver; and gated: 

(4)  movable nozzie. Models of each were built, compared and evaluated. 
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‘Clw most promising m e ,  the flapper valve concept, was se lected  and develop- 

ment  work was continued to improve the performance characterist ics  of this 

eeiected model. 

2 



2. CONCLUSIONS 

As B ~CEILI~. of t.he work performed under t h i s  contract  by ldckheed 
Miseiles 8a Space Company's Huntsvil le Research & Engineering Center, the  
following conclusions are determined: 

1. 

2. 

3.  

4. 

5. 

Smal I., light-weight 
are feasible, Four 
t h e  f lapper  valve, 
nozzle, and ( 4 )  t h e  
and tested. Types 
Rtra ted .  

,, high performance e lec t rof lu id  converters  
b e lec t ro f lu id  converter model types, (1) 
(2)  the  acous t ica l  d r iver ,  (3) the movahle 

(l), (2), and (3) w e r e  successfully demon- 
def lectable  s p l i t t e r ,  were fabricated 

The design of the  flapper valve model w a s  refined t o  improve 
its performance. 
packaged t o  reduce the  size of t h i s  converter. 

All components of the  model were In t eg ra l ly  

Modulation and cont ro l  of f l u i d i c  devices through t h e  use of 
piezoe lec t r ic  elements w e r e  successful ly  accomplished. 

The movable nozzle e l ec t ro f lu id  converter shows excell.ent poten- 
t i a l  for an a l t e rna t ing  input operat ion but it does not perform 
wel l  i n  the d i r e c t  or constant l e v e l  input mode. 

Special  t es t  devices, namely, t h e  d i f f u s e r  optimization test 
device and pa r t i cu la r ly  t h e  manually movable nozzle tes t  device,  
w e r e  successful ly  used for preliminary determination of design 
data. 

3 
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3. !l!ECHNIWES FOR CONVERSION 

I n  the  i n i t i a l  phase of t h i s  development program, several  e lec t ro-  
f l u i d  conversion techniques were considered. The most promising technique 
involves def lec t ing  a f l u i d  stream. 
R f l u i d  strem, EO t h a t  t h e  downstream pressure changes as a funct ion of the  
inpiit, e l e c t r i c a l  s igna l ,  WRS developed. 

I n  addition, a technique of t h r o t t l i n g  

I n  t h e  beginning of t h i s  project ,  it w a s  real ized t h a t  rather weak 
s igna l  energies  would be employed i n  the converter. 
process requires  an Ftdditional amount of energy because of t he  energy losses  
i n  t he  conversion. Fluid stream def lec t ion  does not have t h i s  drawback. 
When 8 f l u i d  stream is d e f l e c t e d  without inducing turbulence or ro t a t iona l  
flow, t h e  entropy of t h e  stream rcmains constant.  
f l e c t i o n  is l o w  compared t o  the  energy within the f lu id  stream i t se l f .  Con- 
sequently, it was determined t h a t  e l ec t ro f lu id  conversion could best be 
accomplished by using the  t h r o t t l i n g  process for cont ro l l ing  t h e  conversion, 
tmd stream def lec t ion  would be used t o  provide amplification t o  compensate 
for energy losseg. 

Use of t h e  t h r o t t l i n g  

The energy l e v e l  for de- 

F i r s t ,  t h e  area of magnetohydrodynamics w a s  given a cursory study 
for possible app l i cab i l i t y ,  but t he  study w a s  discontinued because the pheno- 
mena within t h i s  f i e l d  required an electrically-conductive f l u i d .  Second, 
t h e  appl ica t ion  of thermal energy was considered but d iscarded;  long response 
times &re inherent within a thermally excited system. 
se l ec t ing  techniques of conversion involving &ream def lec t ion  by use of 
f l u i d s  and by use of mechanisms. 

This study lead  t o  

Stream Deflection by Fluer ic  Means 

e s t ab l i sh ing  a pressure inbalance acrosa t h e  stream; o r  (2)  by adding; momen- 
tum at r i g h t  angles t o  the f lu id  stream. The main drawback of these method6 
are t h a t  some f3t~€!alIl energy is lost when es tab l i sh ing  a pressure inbalance 
or t h a t  energy must be added t o  give increased momentum. 
la t ter  case, a su f f i c i en t  quant i ty  of energy is  recovered within t h e  J e t  
stream. 
tion can be developed. 

Two methods of def lec t ing  the  stream by f l u e r i c  means are: (1) 

However, i n  the 

This method become6 most desirable if an adequate means of motiva- 

4 



f,!.rccun D e f l  ccLion by Mechanisms 

Mechanical intervention requires a re la t ive  high order of power, 
i n  comparison with fitaream deflection methods by fluerics, to move both the 
PJement mid the  stream. 
s ion  wafi then considered. 

The method of motivating these techniques of conver- 

, 

5 
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4. MFE7IOD OF MOTIVATION 

I n i t i a l l y ,  a method f o r  gaining pressure imbalance by a high-energy 
spark w a s  investigated bu t  proved undesirable s ince t h i s  method had problems 
of high voltage, radio-frequency interference,  and possible thermal degradation 
of materials. Momentum addi t ion,  pressure imbalance and mechanical interven- 
t i o n  required the conversion of e l e c t r i c a l  energy t o  mechanical motion before 
f l u i d i c  energy could be derived. 

Conversion of e l e c t r i c a l  t o  mechanical energy can be accomplished 
hy u t i l i z i n g  established f i e lds  of e l e c t r i c a l  o r  magnetic flux. 
common appl icat ions of magnetic flux, motors and l i n e a r  or ro t a t iona l  sole- 
noids, were ruled o u t  because high r e l a t ive  s l i d i n g  speeds between mechanical 
rnemhers decrease the r e l i o b i l i t y  and increase t h e  energy requirements. Mechan- 
i c a l  energy can be gained by magnetic f lux f i e l d s  as i n  magnetic reed control ,  
magnetostrictive devices, and by e l e c t r i c a l  f l u x  f i e l d s  i n  p i ezoe lec t r i ca l  
devices. 

The most 

Magnetic Reed Control 

The operation of these devices is based on a f l e x i b l e  cantilevered 

If the  reed i s  mounted i n  a f l u i d  amplif ier  and def lected 
hem,  made of some ferromagnetic material ,  being deflected by t h e  influence of 
an  electromagnet. 
by t h e  magnet t h e  j e t  stream, being attached t o  the  reed by t h e  Coanda effect, 
w i l l  then be deflected with t h e  reed .  

Some def ic ienc ies  soon become apparent: (1) these devices a r e  h igh ly  
non-linear, s ince magnetic a t t r a c t i o n  forces are inversely proportional t o  the 
Rqiiare of t h e  dis tances  6ver which the force must extend; (2 )  the inverse square 
l a w  by which these devices are l i m i t e d  leads t o  la rge  hys te res i s  i n  dc operation. 
Jjrjcal~sp of these def ic ienc ies ,  these devicefi d i d  not warrant f u r t h e r  develop- 
ment. 

Magnetostrictive: These devices are made from a metal, usually a 
nickel  a l loy ,  w i t h  an anisotropic  c rys t a l l i ne  s t ruc tu re  tha t  deforms i n  t h e  
presence of a magnetic f l u x  f i e l d .  This c r y s t a l l i n e  deformation r e s u l t s  i n  
a dimensional change along some p re fe ren t i a l  ax is ,  and m a y  be either negative 
(magnetostr ic t ive)  o r  pos i t ive  (magnetoexpansive). These dimensional changes 
develop extremely high mechanical forces and, excluding t h e  e f f e c t s  of indnc- 
t i v e  heat ing,  r e s u l t  i n  a very high eff ic iency of energy conversion. However, 
t h e  magnitude0 of t h e  coe f f i c i en t s  of thermal  expansivity and magnetostriction 
are almost the same. The microinches of dimensional changes brought, about by 
impressment of a magnetic f i e l d  a r e  ins igni f icant  i n  comparison t o  the  large 
changes brought about by va r i a t ions  i n  ambient temperature. 
Were excluded f r o m  t h i s  developmental e f fo r t  because of t h e i r  thermal sensl-  
t l v i t y  relative t o  their appl icat ion fo r  e l ec t ro f lu td  conversion. 

These devices 

6 
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Mezoelect,ric: These devices are made from a compacted c r y s t a l l i n e  
mags,  iis\ial l y  a ceramic of metal l ic  oxides, whose c r y s t a l l i n e  s t ruc tu re  deforms 
In  the presence of a f i e l d  of e l e c t r i c a l  po ten t ia l  or ,  conversely, w i l l  develop 
(111 e l e c t r i c a l  po ten t ia l  when mechanically def lected.  Rochelle salts, used  i n  

F iezoe lec t r ic  material is thermally s tab le ,  and has a very high coef f ic ien t  
of p iezoe lec t r ic  deformation when compared w i t h  t h e i r  coef f ic ien t  of thermal 
eupsnslvl.t,y. They maintain t h e i r  p iezoe lec t r ic  cha rac t e r i s t i c s  up t o  t h e i r  
Ctirie temperature, which may be as high a8 365OF. 

I 
I phonograph car t r idges ,  are an excel lent  example of p iezoe lec t r ic  material. 

I 

Dimensional changes caused by piezoelectr ic  behavior i s  i n  the  order  
or microinches. 
t w o  p iezoe lec t r ic  ceramic s t r i p s  have been bonded t o  a f l e x i b l e  member. For 
any given e l e c t r i c a l  f i e l d  potent ia l  impressed across these pieces, one s i d e  
w i l l  expand while t h e  o the r  contracts .  The r e l a t i v e  dimensional changes are 
magnified i n  the  same manner as a bimetal l ic  s t r i p  used i n  a thermostat. 
R simple cant i levered beam arrangement, motion at  t h e  t i p  i s  on the  order of 
many thousandths of an inch. When a poten t ia l  f i e l d  i s  cyc l i ca l ly  impressed 
at the resonant frequency of t h e  piezoelectr ic  beam, the amplitude at the  t i p  
i s  increased over t h a t  of simple dc operation. Another pos i t ive  c h a r a c t e r i s t i c  
of ac operation is  t h a t  amplitude, at resonance, is  d i r e c t l y  proport ional  t o  
t h e  s t rength  of t he  impressed e l e c t r i c a l  f i e l d .  We decided t o  develop models 
t h a t  had p i ezoe lec t r i c  devices f o r  e l ec t ro f lu id i c  motivation because of a l l  t h e  
pos i t ive  f a c t o r s  evidenced by these devices. 

However, a c l a s s  of piezoelectr ic  devices have been made where 

With 

I 
I 

~ 
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Deflectable S p l l t t e r  

The f i r s t  model considered for development i s  a "deflectable spl i t ter"  
devipe .  The feattires o f  t h i s  device, which ut3.3 izes electromechanical mechan- 
3Fms Re R method of conversion, are discussed below. 

In  ~t conventional , planar,  proportional , pore-fl iiid amp1 i f ier ,  1 f 
f lie opJiLter i s  hinged f o r  de f l ec t ion  (similar to  an a i rp l ane  con t ro l  sur face) ,  
I t ,  i s  capshle of c o n t m l l i n g  the f l u i d  stream di rec t ion .  Such a de f l ec t ion  is 
emnll and t h e  s p l i t t e r  can be dr iven by any convenient motor device. A test  
model was designed and fabricated t o  study t h i s  concept. I n  t h e  tes t  device 
for experimentsation piirposes a long l eve r  arm was u t i l i z e d  t o  manually def lect ,  
t h e  htnged s p l i t t e r  (Figure 2). 
w i d t h  and locat ion were possible by providing for  t h e  c a p a b i l i t y  of ad jus t ing  
the outer w a l l s  of t h e  receiver.  Operational tests were then run t o  determine 
t.lic i t e ~ f u l  rsnge of eplit,t .er def1ect.ien an? t.he resutt . ing changes i n  fli-ijd 
d i r e c t i o n  and output. 

In  addition, small va r i a t ions  i n  receiver  

Preliminary tests conducted with the test device w e r e  not conclusive. 
The power je t  attaches i t se l f  t o  t h e  s p l i t t e r  due  to  Coanda effect and does 
not detach for small. angular def lec t ions .  Indicat ions are t h a t  i f  the sp l i t t e r  
i s  rotated s u f f i c i e n t l y  t o  detach t h e  stream, ro t a t iona l  flow i n  t h e  form of a 
vortex sheet develops downstream, thereby r e s u l t i n g  i n  high power losses. 
t h e  characteristics of jet  attachment r e su l t  i n  a large hys t e re s i s  fo r  t he  de- 
v ice .  Therefore, the  de f l ec t ab le  s p l i t t e r  concept w a s  held in abeyance u n t i l  
some means of flow v i sua l i za t ion  is developed t o  inves t iga t e  flow attachment/ 
d e t  ac hment . 

Also, 

Flapper Valve 

The next concept considered f o r  i nves t iga t ion  i s  a f l appe r  valve/ 
nozzle arrangement wherein the  f lapper  i s  controL3ed by an e l e c t r i c a l  input 
and t h e  output  goes t o  a con t ro l  port of a proportional f l u i d  ampl i f ie r .  

F1 apper-nozzle configurations have been used extensively i n  many 
f l u i d  devices.  The usual technique i s  t o  vary the  p i l o t ,  or  upstream, pressure 
a t  t h e  nozzle mouth by movement of t h e  f lapper .  
i n  t h i s  appl icat ion.  
w i l l  completely s t o p  the f l o w .  I f  the p l a t e  is  moved away f r o m  the mouth of 
t h e  nozzle, t h e  f l o w  increases as t h e  distance,  L, increases (Figure 3). 
ever ,  each outward increment of distance,  L, has less and less effect  on the  
f l o w  rate f r o m  the nozzle rmtil  a point i s  reached where addi t iona l  outward 
movement of the p l a t e  has no f u r t h e r  e f f ec t .  When the f l appe r  i e  located 
at a stand-off d i s tance ,  or "zero" point, some distance from t h e  mouth of t h e  
nozzle and then o s c i l l a t e d ,  t h e  average flow during one cycle  of oscillation 

A d i f f e r e n t  approach i s  used 
A f la t  p l a t e  ( f lapper )  pressed s o l i d l y  aga ins t  a nozzle 

How- 

8 
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i r  d i r c p f  I:.' ~1 f l in f t , ion  of the amplit,ude of t h e  o sc i l l a t ion .  
i lerrrhcos from 1,lie value a t  the  "zero" point of t h e  f lapper  as the amplitude 
I,(* o ~ c l l l a 1 , i o n  i s  increased. Thjs r e su l t  i s  related to  t h e  shape of t h e  curve 
slmwn i n  Figure 3. The slope of t h e  curve is  s teeper  for one half of t h e  
flnpper cycle than t h e  o ther  h a l f  and, conseqnently, t h e  average flow rate 
over a cycle  j s  lower than t h e  flow rate when the f lapper  is  s t a t iona ry  at  t h e  
zcro pint. When the  f lapper  i s  inser ted within a cavi ty  i n  such a manner 
1 lint nozzle outprit flow enters  t h e  cavi ty ,  then increasing t h e  amplitude of 

the cavit.y. 
m p l i f i e r .  
port. The power stream of t h e  proportional f l u i d  ampl i f ie r  e x i t s  through a 
fiide vent at zero f lapper  amplitude, and progressively moves toward and through 
klie adjacent, output l e g  as f lapper  amplitude increases.  
e n t i r e l y  directed toward t h e  output l e g  a t  maximum flapper  amplitude (maximum 
pressure output)  

The average flow 

!?Fci!?at!on c?f t h e  f!qq?er re!?l.!ts in e decrerzce in the integrELted flew intn 
The cavi ty  e x i t s  i n t o  a control  port of a proportional f l u i d  

A bias pressure and flow i s  maintained on the opposite control  

The jet  stream i s  

A piezoe lec t r ic  bender is used as t he  material f o r  the f lapper  and 
it  responds qui te  s a t i s f a c t o r i l y  t o  being driven with an a1 t e rna t ing  voltage 
source. The force tending t o  push t h e  f lapper away from t h e  nozzle i s  relative- 
l y  la rge  i n  comparison t o  t h e  mechanical force generated by a p iezoe lec t r ic  
bender.  I f  the  p iezoe lec t r ic  bender is  placed f lush  with the nozzle and then 
e l e c t r i c a l l y  driven, only h a l f  of the  cycle is ef fec t ive ,  free resonance is 
precluded, and the highly d i r ec t iona l  forces lead t o  ea r ly  f a i l u r e  of the  
bender. The present usage of t h e  f lapper  is  a preferred appl icat ion,  where 
t h e  cons t r a in t s ,  due t o  t h e  piezoelectr ic  material, are taken i n t o  considera- 
t i o n .  Analysis of p iezoe lec t r ic  mechanics is given i n  Appendix A. 

The e l ec t ron ic s  package for supplying power t o  the  p iezoe lec t r ic  
bender i n  t he  f lapper  valve model consis ts  of (1) an o s c i l l a t o r ;  (2 )  a modu- 
l a t o r ;  ( 3 )  a voltage amplifier;  and (4)  a power amplif ier  f o r  dr iv ing  a 
voltage step-up transformer, as shown schematical3y i n  Figure 4. 

The osc i l  l a t o r  i s  an a s t ab le  mu1 t i v i b r a t o r .  Since the  o s c i l l a t o r  
frequency is  at t h e  resonant frequency of the  crystal.,  an applied square wave, 
which works as wel.! as a s ine  wave and i s  easier t o  produce, cont ro l  and modu- 
l a t e ,  i s  used. 
o s c i l l a t o r  square wave, This un i t  produces up t o  250 v o l t s  p - p across the 
c r y s t a l .  To achieve t h i s  voltage,  coupling with a commercial, laminated 
transformer i s  used i n  the  tes t  model. For a f l i g h t  item, a powdered i r o n  
transformer is most l ike3y t o  be used. 

Modulation i s  accomplished by simple diode c l ipp ing  of t h e  

The modulated input s igna l  i s  i n  the  I volt  maximum p - p range. A 
two-stage ampl i f ie r  is  used t o  boost t h i s  t o  20 Volts maximum p - p, and t h e  
transformer then raises t h i s  t o  over 200 v o l t s  m a x i m u m .  An emitter follower 
output s t age  de l ive r s  up t o  4 watts of power t o  the  transformer which i n  t u r n  
d e l i v e r s  up to 40 mil l iwat t s  t o  the  c rys ta l .  
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T e s l , ~  were run on various nozzle and f l appe r  p l a t e  shapes t.o est,rjt+ 
l i F h  va1 jd i t .y  o f  basic prjnciplee.  The s e n s i t i v i t y  of  t h e  flapper-nozzle 
witfimirat9jon 60 Ettattjc dis tance setting at a 3 p s i g  supply pressure is  shown 
i 11 T;i {:\ire '7. 

A t  f irst ,  several open-type (Model A)  u n i t s  were b u i l t ,  then an 
enclosed Model B was designed and b u i l t ,  both types using p i ezoe lec t r i r  benders 
( f l appe r s ) .  The cl.osed-type Model R performed far bet ter  than the  open-type 

W I J J  t,wu dvanced versiens nf ?I&iels A nnd R w i l l  be discussed. lr ic~de~ , A . - T  -- l---- -AI 

Model A: The Model A f l appe r  valve e3ectrof luid converter was sub- 
,iPct,ed t o  closed-loop t e s t i n g .  
ly Fensing the converter ' s  output, with a pressure transducer and summing t h i s  
vollaf:e w i t h  t he  converter ' s  input s igna l  with a dc amplifier.  
R R j n  of x) was maintained i n  t h e  closed-loop operation. Thus, a t tenuat ion of 
inpiit s igna l  and converter non-1 i n e a r i t y  of output s igna l s  were g r e s t l y  reduced 
w h i  1 e t i m e  responfie was improved. 

Closed-loop negative feedback was accomplished 

A forward loop 

Model B: The advanced Model B i s  a semi-integrated package which 
inrll ides R f l u i d  amplif ier  coupled t,o t he  f l appe r  valve (Bee Figure 6).  Major 
improvemmto over Model A w e r e  i n  packaging, sea l ing ,  power requirements (bo th  
e l e c t r i c a l  and f l u i d i c ) ,  and frequency response. 

The semi-integration of Model B no t  only enhanced s i ze  and appearance, 
hiit g r e a t l y  improved performance (as shown i n  Table I, Section 5) hy r edwing  
clisnnel lengths  and f a c i l i t a t i n g  good sea l ing .  
planar e tch ing ,  although t h e  one ac tua l ly  h i i i l t  was milled from aluminum. 
milled model has  c a v i t i e s  i n  place of t he  f l appe r  valve and f l u i d  ampl i f ie r .  
There c a v i t i e s  permit three d i f f e r e n t  ampl i f ie rs  t o  be t e s t ed  i n  t he  package 
instead of  one. if it had been in t eg ra l ly  made. 
I d  1 3  permit simple f ab r i ca t ion  of an in tegra l  package i n  which only t h e  piezo- 
e l ec t r i c  element and i t s  associated wedges and spacers must be i n s t a l l e d .  

This model was designed f o r  s i n g l e  
The 

The p3anar e tching technique 

I n  t h e  Model B, the  f lapper  valve u n i t  was designed i n  the  smallest, 
s i ze  which could d e l i v e r  f u l l  cont ro l  power t o  a common f l u i d  ampl i f ie r .  A 
compatible f l u i d  ampl i f i e r  was se lec ted  and set t o  operate i n  a region t h a t  
Rives t h e  best converter input s e n s i t i v i t y  and minimum f l u i d  power require- 
ment s .  

The f l appe r  valve u n i t ' s  input o r i f i c e  diameter was set a 0.018 inch, 
s1ipply pressure 3.5 ps ig ,  and the  output or i f ice  diameter 0.040 inch. 
shorter bender increases  t h e  resonant frequency t o  1.120 Hertz. 
of the  new f lapper  valve increased t h e  ratio of flow change t o  average flow, 
r e s u l t i n g  i n  an output  signal-to-noise ratio of 25:l compared Lo t h e  Model 
A ' e  10:1. 

A 
Effectiveness 
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Static Displacement (1;) x 10-3 Inches 

Figure 5 .  Sensitivity VS, Stat ic  Displacement 
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E l e c t r i c a l  p o w e r  t o  t h e  bender is small- s ince  the  bender is  essen- 
t i a l l y  a capacitor.  
c i ab le  e lectr ical  advantage over l a r g e r  c rys t a l s .  
flnppFr valve m i l s t  remain within 0.020 inch; these  physical l i m i t s  and the  f l u i d  
presslire o f  3.5 ps ig  t o  the  f lapper  valve input o r i f i c e  e s t a b l i s h  the  e lectr ical  
reqriirement of 80 v o l t s  rms for  t h e  given bender. 
ness 0.021 inch, length 0.875 inch, width 0.085 inch, and a can t i l eve r  arm of 
0 .73  Inch .  The bender exciirgion ?Lmit. E!!& he Iprge emugh t~ maintair? 8 high 
f 1 ueric oiit.put s igna l ,  y e t  1 ow enough t o  avoid excessive vol tage requirements. 

Therefore, t h e  smaller c r y s t a l  i n  Model B o f f e r s  no appre- 
Maximum excursion of t h e  

Render dimensions are: thick- 

Frequency response of t h e  Model B w a s  g rea t ly  improved over t h a t  of 
+.he Model A l a rge ly  because of t h e  semi-integration of t h e  package. 
proved pnckagl ne reduced the  c r i t i c a l  channel length between f lapper  valve e x i t  
and m p l i f i e r  control port f r o m  1 .5  down to  0.7 inches. Reduction of dead 
space a,round the  f lapper  f u r t h e r  improved frequency response, s ince  t h e  e x t r a  
vnlume was providing space f o r  s t o r i n g  air (analogous t o  a capaci tor  s t o r i n g  
a charge). Frequency response of the Model B converter with the  drum f i l t e r  
(see Sect ion 7 for  drum f i l t e r )  i s  given i n  Figure 7. The t r a n s f e r  function 
w a s  derived empirically from t h e  d a t a  t o  RpproximRte the  curve. 

The i m -  

Acou-stic Driver 
L 

Experience gained from t h e  f lapper  valve converter i nd ica t e s  t h a t  i f  
9. standard proportional amplif ier  i s  biased t o  near cut.-off at one con t ro l  
port., it  w i l l  p r a c t i c a l l y  r e c t j f y  an ac pressure applied t o  the  opposite Ton- 
t r o l  port,. The m p l i f i e r  can be biased f o r  extreme s e n s i t i v i t y  t o  small cont ro l  
s i m a l  changes. This combination of r e c t i f j c a t i o n  and s e n s i t i v i t y  leads t o  t h e  
conccpt, o f  dr iv ing  an amplif ier  with acoustic pressure pulses  from a device 
s j m i l  ar tm a common loudspeaker. The acoustical ly-driven e l e c t r o f l u i d  converter 
F.yst,c.rn. shown i n  Figure e ,  i s  compoeed of t h ree  elements: t h e  acous t ic  d r ive r ,  
a rec, t i fyi t ip ,  amplifjer,  and a power m p l i f i e r .  The f i r s t  s tage  amplifier,  a 
ccnt,p r-dump proportional amp1 i f i e r ,  is operated without cont ro l  pressure b i a s  
3Iid wjth one output 
f i  ed and  accepted as output,  t.herehy accompl i sh ing  r e c t i f i c a t i o n .  The unused 
oilt.put s i d e  i s  hlocked, which bu i lds  up cavi ty  pressure and g ives  e f f ec t ive ly  
a p o s i t i v e  feedhack from t h e  unused output s ide .  The second s tage  amplifier, 
t h e  power m p l i f i e r ,  i s  a biased, proportional amplif ier  and i s  used t o  boost 
t h e  leve l  of output s igna] .  
p s j q  which, i n  tu rn ,  i s  reduced through needle valves t o  the  proper pressures 
f*or t,he f i r s t  stage amplif ier  supply and t h e  second stage cont3rol bias. 

l e g  hlocked. On ly  the pos i t i ve  acoust ic  s igna l  is  ampli- 

The e n t i r e  system uses a common a i r  supply at 3 

The acous t ic  d r i v e r  i s  a cantilevered s t r i p  of p i ezoe lec t r i c  bender 
set wi th in  a small cav i ty  and al lowed t o  f r e e l y  resonate. 
exci ted by a n  ac carrier s ignal  with a frequency corresponding i d e n t i c a l l y  to 
t h e  resonant frequency of the  bender. The displacement of t h e  resonating 
bender i s  then proportional t o  t h e  rms amplitude of t h e  ac s i g n a l  t h a t  i s  over 
t h e  heam's threshold voltage. The acoustic pressure output is ,  i n  turn .  pro- 
port ional  t o  t h e  beam displacement and ac s ignal  amplitude. E a r l i e r  tests, 
Using amplitude modulation i n  t h e  Model A e l e c t r o f l u i d  converter, indicated 
an improved t i m e  response was obtained for t h e  device by using 8 small resonant 

The bender is  
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2nd Stage  Amp.  
e n t e r  Dum- Proportiona!) (P ropor t iona l )  

1 s t  Stage A m p .  

Acoust ic  

\ 
D r i v e r  \&  
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@ 
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1 
Jx' 

2nd Stage  Bias  \ 
P r e s s u r e  Control  

S o u r c e  P r e s s u r e  

P r e s s u r e  Con t ro l  

Conver te r  Ci rcu i t  

F i g u r e  8 - Acoust ical ly  Driven Elec t rof lu id  Conver te r  
Breadboard  Model & Schematic  
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mwnher t o  ohtain a higher resonant frequency. 
beam def lec t ion ,  o r  beam length,  but a longer beam h a s  a lower resonant fre- 
quency. On the acoustic model, a compromise w a s  reached between the dr iv ing  
power and the frequency response requirements t o  determine the  beam's best 
operating frequency. 
The cavi ty  i s  sized so t h a t  the  swept vol&e of t h e  resonating beam i s  approxi- 
mately one half  of the  t o t a l  cavity.  
of the  r a t i o  of swept t o  t o t a l  volume, but t h e  increased complexity of fabri- 
ca t ing  a cavi ty  f o r  a volume r a t i o  c lose t o  uni ty  was not considered warranted 
at this t i m e .  Present output from t h e  acoustic d r i v e r  at 150 v o l t s  rms ( m a x i -  
miim inpilt) i s  a s inusoidal  pressure wave a t  0.2 inches of water and e s sen t i a l ly  
znro flow. 

Power output is  proportional t o  

A maximum swing of + 0.030 inch at 465 Hz w a s  used. 

Output pressure i s  d i r e c t l y  a function 

Olitput s igna ls  from the  acoustic d r ive r  are then passed through t h e  
f i r s t  s tage amplif ier  where it i s  r ec t i f i ed  and amplified by a f ac to r  of f ive .  
Output from the  f i r s t  s tage amplif ier  i s  a dc signal. of 17 inches of water with 
t h e  r e c t i f i e d  and amplified acoust ic  s ignal  imposed upon it. 
the  second stage (power) amplif ier  where the dc s igna l  i s  almost completely 
biased out. 

This s igna l  enter8 

Biasing the  second s tage amplifier serves two purposes. Primarily,  
jt, removes the  dc component from the  f i r s t  stage output, and, secondarily, it 
incretises t he  s e n s i t i v i t y  of the  second stage, r a i s ing  the  amplification from 
a nominal value of 5 t o  7. The second stage amplif ier  output w a s  loaded with 
an o r i f i c e  0.013 inches i n  diameter t o  simulate an addi t iona l  f l u i d  component 
located downstream. 
w m  4 inches of water at zero system input and 11 r m s  inches of water at maxi- 
mum system input.  The r e c t i f i e d  c a r r i e r  s igna l  appears as a s inusoidal  wave 
of 232.5 Hz imposed on the  dc s igna l .  Peak-to-peak amplitude of the  ac s i g n a l  
i s  dmos t  equal t o  t h e  dc level .  A low-pass f i l t e r  c i r c u i t  w a s  developed t o  
eli tninste the high frequency noise over 1 KHz i n  t he  system and reduce the  ac 
signal. compoiient. 

With t h i s  loading the output of t he  second s tage amplif ier  

The low-pass f i l t e r ,  which is  employed with the acoustically-driven 
r lec t , rof lu id  converter and i s  tuned f o r  the converter, reduces the noise l e v e l  
t o  w i t h i n  1% of dc leve l ;  and reduces c a r r i e r  amplitude, at  maximum signal ,  t o  
R 5$ r ipp le  on the  dc s igna l .  However, large volumes and long lengths within 
t h e  f i l t e r  c i r c u i t  adversely a f f ec t  t he  dynamic response of the  converter 
system. A power loss of th ree  decibels  occurs a t  a frequency of 0.17 Hz, and 
the  corresponding phase s h i f t  i s  -43 degrees. 
mately 0.11 seconds, with the major portion of t h i s  caused by the  f i l t e r  c i r c u i t .  

System t i m e  de l ay  i s  approxi- 

Frequency response d a t a  a r e  presented graphical ly  i n  Figure 9. Fre- 
quency response tests w e r e  run by modulating the  c a r r i e r  frequency amplitude 
between 0 and 300 rms vo l t s .  
v o l t s ,  so t h e  e f f ec t ive  s igna l  t o  t h e  acoustic dr ive appears as a clipped s ine  
w v e  with only the  p o d i o n  between 100 and 300 rms v o l t s  usable, as shown i n  
Figure 10. 
$0 respond. 

The piezoelectr ic  bender threshold is  100 r m s  

A f u l l  t h i r d  of the  input i s  thus l o s t  before t h e  bender starts 
The c h a r a c t e r i s t i c s  of the  frequency response curve Indicate  the 
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Actual Electrical Signal Applied to Bender 

Effective Electrical Signal Applied to Bender 

Figure 10 - Voltage t o  Bender, Actual. Vs. Effective 
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Lrric behavior of the  converter system. 
follows t h e  approximate slope of -6 db/octave cha rac t e r i s t i c  of a simple, first- 
order system. 
T h i s  behavior is  a s t rong indica t ion  tha t  the i n i t i a l  r o l l o f f  is erroneous 
and t h a t  t h e  e r r o r  can be caused by the  input being clipped (bender threshold)  
modulation. 
vol +-,age, system behavior can be c lose ly  approximated by: 

The i n i t i a l  power l o s s  below 0.6 Hz 

Phase s h i f t  a l s o  remains e s sen t i a l ly  constant t o  about 0.6 Hz. 

With the  i n i t i a l  ac b ias  being equal t o  t h e  bender threshold 

The Rbove equation can be derived from the frequency and phaee response d a t a  
shown i n  Figure 9 .  

, 

Movable Nozzle 

If a proportional f l u i d  amplifier is cleanly severed between i t s  sirpply 
nozzle rtnd receiver ,  it i s  possible t o  control  t h e  percentage of supply stream 
diver ted t o  each receiver  by manipulatdng the supply nozzle. The movable nozzle 
model (Figure 11) is h u j l t  from commercially ava i lab le  f l u i d  amplifiers and a 
spec ia l ly  made tes t  f i x t u r e  f o r  mounting t h e  severed p a r t s  along a common plane. 
The test  f i x t u r e  permits a range of locations f o r  the  severed p a r t s  r e l a t i v e  t o  
t h e  movable nozzle pivot point.  The movable nozzle can, thereby, be set for 
pure ro t a t ion  or p rac t i ca l ly  pure t rans la t ion .  
physical  s i t u a t i o n s  a t t a inab le  i n  the  planned, piezoelectrically-motivated mov- 
able nozzle. The output of the model f o r  various values of "L", the  s p l i t t e r  
distance from t h e  throat of t h e  amplifier,  i n  Figure 11, is a function of 
nozzle movement. The converter ' s  output i n  inches of water i s  graphical ly  
shown as a function of nozzle movement i n  Figure 12. High s e n s i t i v i t y  and 
consistent; operat ion w a s  achieved at L = O.O'jO" i n  t h e  p iezoe lec t r ic  model 
subsequently designed and b u i l t .  I n  th i s  model ,  shown i n  Figure 13, the benders 
themselves form the movable nozzle. S t a t i c  tests were made w i t h  t he  model, 
ver i fy ing  i t s  operabi l i ty ,  using up t o  + 300 v o l t s  dc for drive.  I n i t i a l  t e s t s  
indicated very l o w  frequency response (=3 db at 3 Hz). This should be fu r the r  
invest igated,  determined, and corrected; e l e c t r i c a l  operation of the piezoelec- 
t r i c  benders are suspected s ince  t h e i r  required rapid dc response, high voltage 
mode of operation is unlike the  other  models discussed in t h i s  report .  

Tests were run i n  the  range of 
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Pivot  Point  
Center l ine 

1.50” -1 
Max 

-1 1- L = Spl i t te r  Distance 

Set  fo r  Rotation 

F i g u r e  11 - Manually Driven Movable Nozzle (Schematic  & Photograph)  
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N o z z l e  T 

F i g u r e  i 3-  P iezoe lec t r i c  Movable Nozzle Rlodel (Sckemat lc  Sr Pho tograph)  
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6. COMPARISON OF MODELS 

As discussed earlier, three  e lec t rof lu id  converter conceptE were 
developed t o  t h o  breadboard s tage and tested. 
the flrtpper valve e l ec t ro f lu id  converter t o  8. prototype s tage based on quanti- 
t s t i v c  m d  qua l i t a t ive  comparisons between t h e  candidate concepts. The proto- 
6ypP f lapper  valve e l ec t ro f lu id  converter w a s  fabr icated and tested f o r  opera- 
t i ona l  cha rac t e r i s t i c s .  The cha rac t e r i s t i c s  for the f lapper  valve models A 
and B, t h e  acoust jc  d r ive r  breadboard and the  movable nozzle breadboard a r e  
given i n  Table 1. 

A decis ion w a s  made t o  develop 

I 

The flnpper valve shows much hfgher frequency response, i n  bread- 
honr'd form (Model A),  thRn the other  two breadboards. 
(tlodel €3) i s  designed t o  r a i s e  the  frequency response and shows over a 5O$ 
improvement. 
the corner frequency appreciably. 

The latest vers ion 

It is  f e l t  t h a t  improvements t o  t h e  f i l t e r  element w i l l  raise 

Phase s h i f t  at the  corner frequency ( 3  decibe l  power loss) w a s  ex- 
treme for  the f lapper  valve breadhoard. Th i s  i s  a t t r ibu tab le  t o  the piezo- 
e l e c t r i c  voltage deadband and t h e  t i m e  delays and lags within the converter. 
Nodel B shows a marked improvement. It is  f e l t  that  the  phase s h i f t  i s  p r i -  
marily caused by the f i l t e r  ac t ing  as a damped, high order system. The absence 
of i n i t i a l  phase shif t ,  (see Figiirc 7) r u l e s  out memurable t i m e  deltqys,  which 
were prwalent,  i n  t h e  hreadhoard m o d e l .  

Standby flow required by the  breadboard models w a s  qu i te  high, par- 
t i c u l a r l y  f o r  t he  movable nozzle model. T h i s  i s  d i r e c t l y  a t t r i b u t a b l e  t o  the 
high pressures  required for reasonable system output l eve l s  and was d ic ta ted  
by the l-arge i n t e r n a l  passages within the model. The acoustic d r i v e r  shows a 
very low standby flow because of the  ahsence of a cont ro l  o r  bias supply on 
t h e  f i r s t  s tage ampl i f ie r  and the r e l a t ive ly  l o w  pressures within t h e  system. 
The bulk of t h e  standby fluu i n  t h e  f lapper  valve e l ec t ro f lu id  converter bread- 
board is from the  f lapper  and bias supplies.  These car ry  a flow almost twice 
as grea t  as t h e  power j e t  flow. 
pr imari ly  responsible f o r  t h e  4:l  reduction i n  standby f l o w .  

Reduction i n  o r i f i c e  s i z i n g  i n  Model B is 

The valnee of p iezoe lec t r ic  dr ive voltage are indica t ive  of the tech- 
niques used f o r  developing cont ro l  s ignal  s t rength.  
the I I ~ P  implies,  relies on the  sound pressure from a v ibra t ing  p iezoe lec t r ic  
bender. The mov- 
nble nor.21 e relies on non-resonant def lect ion of two piezoe lec t r ic  benders that 
are quite st i f f .  
forces. 

The acoustic dr iver ,  as 

"he high voltage i s  required t o  develop mechanical e n e r a .  

Again, e l e c t r i c a l  energy is required f o r  high mechanical 
The f lapper  valve, on the other hand, merely varies the  impedance 
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wiross nn o r i f i c e  (nozz le ) .  
Iicncc low v o l t . s g ~ .  The reduction i n  o r i f i c e  s i z e  between Models A end B means 
tliqt; t.c Get, the same e f fec t ive  power from the valve, the bender has  t o  increase 
i.ti- r n n p  of impednnce. This ,  i n  turn,  requires g rea t e r  def lec t ion ,  hence more 
cnergf. 
?.?:I .  

T h i s  requires r e l a t i v e l y  low mechanical energy, 

Poth thP o r i f i c e  s ize  r a t i o  and required energy r a t i o  are approximately 

Sigml- to-noise  r a t i o  is primarily a function of f i l t e r  design am3 
4 I I t Ic I.-  m n C "  .gt.lcLhiiig hetveeii f i l ter  mi: a i p i i f i e i  siagea. The f i l ter  c i r c u i t  associa- 
t e d  w i t h  t he  acoustic d r ive r  converter is  tuned, through component se lec t ion ,  
t,o match t h e  converter. 
models used fixed-geometry f i l t e rs  w i t h  t h e  cha rac t e r i s t i c s  approximately 
mrltchcd. F i l t c r  irnpedsnces are lower than the m p l i f i e r  output t o  reduce cross- 
coiipl ing  e f f e c t s  and prevent s igna l  attenuation. 
match allows passage of some high frequency noise. It should be noted, however, 
t h n t  the unf i l te red  signal-to-noipe ("noise" includes c a r r i e r )  r a t i o  i s  approxi- 
mnt.ely 3 : )  i n  t h e  Model R f lapper  valve e lec t rof lu id  converter. 

"he movable nozzle breadboard and t h e  f lapper  valve 

The re su l t i ng  impedance m i s -  

Some of t h e  q i ia l i ta t ive  comparisons made are i n  the  estimation of 
d r i f t ,  hys te res i s  and  ease of miniaturization. Devices using amplitude modula- 
t i o n  i n  t h e  bender dr ive  are v i r t u a l l y  f ree  from d r i f t  and hyEteresis.  Plezo- 
electric elements operat ing i n  a dc mode show extreme3y high hys te res i s  and 
develop high r e s i d u a l  stress, r e su l t i ng  i n  creep. The movable nozzle model 
exh ib i t s  a l l  t h e s e  drawbacks during operation. Miniaturization of components 
i s  des i rab le  f o r  impmvement of system response t i m e ,  although output power 
a l so  decreases. It is  f e l t  tha t  reduction i n  s i z e  of the p iezoe lec t r ic  acous- 
t i c  d r ive r  w i l l  reduce con t ro l  s i g n a l  pressure t o  an i n to l e rab le  level .  
breadboard d r i v e r  present ly  develops a usable s i g n a l  of only + 0.1 inch of 
water. Signal  power w i t h  t h e  f lapper  valve i s  a complex funczion of valve 
supply pressure,  f lapper  s i z e  and o r i f i c e  size.  It is  f e l t ,  and subsequentw 
proven, t h a t  an appreciable reduction can be made i n  the physical s i z e  of the 
f lapper  valve without s a c r i f i c i n g  cont ro l  s i g n a l  pressure. M o d e l  B, ove ra l l ,  
i s  approximetely t h e  same bulk as j u s t  the flapper valve assembly on t h e  bread- 
hoard model; ye t ,  the  m a x i m u m  output f romthe  single-stage converter i s  22 
inches of water w i t h  a system supply pressure of 3.5 psig while Model A de- 
l ivered  18.5 inches of water w i t h  a 12  psig supply. 

The 

Response Time Improvements 

One major c h a r a c t e r i s t i c  of f lue r i c  devices for cont ro l  systems is 
r e l s t i v e l y  long response times. 
ampl i f ie r  is on the  order of 0.5 t o  5 msec, t ransport  delays i n  the Interconnec- 
t i n g  passages and lags  within c a v i t i e s  and f i l ters g rea t ly  increase the response 
t i m e  of a f l u e r i c  system Over that  of t he  basic f l u i d  amplif ier .  In  the  follow- 
ing  discitssion, the term ''delay1' w i l l  be reserved f o r  time difference between 
cause and effect--a  d i s t i n c t  length of time (usual ly  msec) as exemplified by a 
pressilre pulse  passing through a long tube; t h e  term "lag" w i l l  mean an exponen- 
t i a l - t y p e  e f f e c t  beginning; immediately after the  cause (unless  otherwise S P e C i -  
f ied  as delayed), usual ly  defined by a time constant,  as exemplified by air 
Pressure rise i n  a tank which is being f i l l e d .  

While the response time of an individual  f l u i d  
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A primnry dePign goal of t h e  Model B e lec t rof l i i id  converter w a s  
t.lmt. i k G  rccponGe time be reduced appreciably below t h a t  of Model A. 
del%yp and lags of the f lapper  valve e l ec t ro f lu id  converter u n i t  are attri-  
i~~it,sble t o  interconnections,  f lapper  cavi ty  size,  f lapper  i n e r t i a ,  amplif ier  
switching and d i f f u s e r  length,  a.nd f i l t e r s .  
with t h e i r  r e su l t i ng  lags  and delays ,  response times are appreciably improved. 

Time 

By reducing volumes and lengths,  

Tlie most convenient and f r u i t f u l  area of work for reducing response 

On Model B, t h i s  passage i s  g rea t ly  
t h e  of t he  flapper vaive converter is i n  the interconnection between the 
f lapper  valve i t se l f  and the amplifier.  
reduced i n  s i z e  and length. The next most convenient area of improvement i s  

con.iunct,ion w i t h  reduction i n  i n t e r n a l  cavity s ize ,  a smaller f lapper  (bender) 
was designed; t h e  resu l t ing  reduction i n  i n e r t i a  permits better frequency 
response. 

1 i n  the f lapper  valve whose i n t e r n a l  cavity s i z e  i s  reduced appreciably. I n  

The next most convenient area of improvement is  i n  the  f i l t e r .  By 
going f r o m  a simple, l a rge  volume, capacit ive f i l t e r  t o  a planar, inductive- 

t h a t  transport delay through the amplif ier  w i l l  be t h e  simplest  means of i m -  
proving system response t i m e ;  t h i s ,  unfortunately, i s  not t h e  case. An in-  
c r e m e  above normal operating pressure causes a reduction i n  amplif ier  gain 
and an increase i n  noise and flow rates. 
gives improved response times, but  a reduction i n  output power. 
delay i n  t he  receiver  legs  can be reduced by shortening the  legs  and widening 
t h e i r  d i f fus ion  angle ( increase i n  channel width per unit length);  however, 
t h e  p r i ce  paid for t h i s  is  reduced eff ic iency of pressure recovery. Because 
of the po ten t i a l ly  de le te r ious  s ide-effects  of any change, the most desirable 
approach t o  reduction of ampl i f ie r  response t i m e  is determined by t h e  intended 
appl ica t ion  of t h e  converter un i t ;  t h e  approach least de le te r ious  t o  the  in- 
tended appl ica t ion  is  chosen. 

I capac i t ive- res i s t ive  (LCR) f i l t e r ,  i n t e rna l  volumes are reduced. It appears 

A dimensional decrease general ly  
Transport 

1 

I 
Prac t i ca l  information re1 a t i n g  transport delay i n  the receiver  legs 

Consequently, such a program was i n i t i a t e d  i n  which parametric s tud ies  
t o  pressure recovery characteristics (especial ly  e f f ic iency  ), was not ava i l -  
able. 
on d i f f u s e r  geometry can be made. The device about which t h i s  program centers  
i s  shown i n  Figure 14. It incorporates an air input cavi ty  and d i f f u s e r  th roa t  
of a f ixed geometry. Each d i f f u s e r  s ide  pivots  about centers  on l i n e  w i t h  the  
plane across  the  d i f f u s e r  t h roa t ,  allowing each l e g  t o  be swung through a semi- 
ver tex  angle f r o m  zero t o  7.5 degrees and y ie ld ing  a maximum included d i f f u s e r  
angle of 15 degrees. Minimum d i f f u s e r  length from t h e  throa t  i s  1.25 inches. 
Additional cover p l a t e s  allow the  effective d i f f u s e r  length t o  be extended i n  
increments of 0.36 inch t o  a f u l l  length of 2.63 inches from t h e  throat. 
movable f i x t u r e ,  designed to  hold instrumentation probes perpendicular t o  the  
stream at. t h e  d i f f u s e r  e x i t  plane, can be t rans la ted  f r o m  t he  d i f f u s e r  center- 
l i n e  t o  t h e  plane of t he  w a l l  along a scaled l i ne .  

A 
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I n  the planned t e s t  program, the d i f f u s e r  l eng th  is s e t  at some 
fixcd vsJue, the  w a l l  angles a r e  then varied from 4 degrees t o  7.5 degrees i n  
0 .5  dcfirce increments. ResponEe t i m e  and pressure recovery d a t a  a r e  taken and 
rcdriced t o  non-dimensional parameters for s t a t i s t i c a l  ana lys i s  of conditions.  
One po ten t i a l  r e s u l t  of such a test progran i s  determination of the  d i f f u s e r  
Geometry t o  optimize t ranspor t  lag cha rac t e r i s t i c s  f o r  a given pressure recovery. 

Although the  t e s t  program was not consummated, the  model was checked 
out and s t a t i c  pressure p r o f i l e s  were taken across  t h e  stream. Figure 15 shows 
pressure p r o f i l e s  f o r  var ious lengths of  closed channel, where'W = nozzle width 
at th roa t  and L - downstream dis tance f romthroa t  t o  end of channel. 
f i l e s ,  shown i n  Figure 15, ind ica te  t h a t  f o r  a 4' semi-vortex s t r a i g h t  w a l l  
channel at 1 p s i g  supply, laminar flow d i f fus ion  continues up t o  33 nozzle widths 
downstream. 
cen te r l ine  than  near the  edges. 
smaller 88 dawnstream enclosed channel dis tance from t h e  o r i f i c e  increases .  

These pro- , 

Diffusion is indicated by the presence of higher pressures  a t  the  
The d i f fus ion  r a t e  is found t o  be progressively 

t 
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During the course of developing and t e s t f n g  the  models, var ious 
methods were developed f o r  improving model performance. E f fo r t s  of most si&- 
f i c m c e  t o  t h e  ove ra l l  project ,  as  well as o the r  re la tad  areas of inves t iga t ion  
qnrl development, a r e  d.J scuseed below. 

The f l  l t e r i n g  problems encountered i n  t h e  development of t h e  e l ec t ro -  
f l u i d  conver6er w e  two-fold: 
frequency noise ,  t h e  Pecondary requirement i s  t o  reduce t h e  c a r r i e r  frequcncy 
a t  t h e  outpiit. 
Rtf,cniiat.ion of t h e  d i r e c t  output. F i l t e r  development usually follows empir ics l  
l i nes ,  although i n i t i s l  d i r ec t ion  i s  determined by analog e l e c t r i c a l ,  acous t ic  
or delqv-l ine theory. 

t h e  primary requiremen$ is  t o  el iminate  high- 

It i s  necessary t o  meet these requirements without incur r ing  

When the o r i g i n a l  prototype f lapper  valve e l ec t ro f lu id  converter  was 
being developed, t h e  high noise l eve l  of t h e  output s igna l  showed tha t  i t  i s  
des i rab le  t.o use  a f i l tcr .  A simple o r i f i c e  was t r i e d  first and then discarded 
because of the  a t tenuat ion  of the  output s igna ls .  
considered w a s  tha t  of a chamber or trdrum'l. Behavior of a chamber is  analogoue 
t o  t h a t  of a capac i tor ,  where chamber pressure rise time is  a funct ion of chamber 
volume and o u t l e t  o r i f i c e  s i ze .  By t r e a t i n g  the  out le t  o r i f i c e  as a short tube,  
t h e  r e s i s t m c e  t o  flow i s  proportional t o  t h e  length and inverse ly  proportions1 
Lo t he  fou r th  power of diameter. 
proport ional  t o  the  product of length and f reqiiency and inverse ly  proportion31 
t o  the  square of t h e  diameter. 
"or i f ice"  then  determines the  a t tenuat ion of noise s ince  t h e  induct ive r eac tmce  
a c t s  as a r e s i s t o r ,  over the  above pure f l u i d  resis tance,  as a funct ion of fre- 
quency. 
e l ec t* r i c  bender is reduced b j  t he  capaci t ive reactance of t h e  chamber. 
reactance i s  inverse ly  proport ional  t o  t h e  product of frequency and volume. 
t i o n a l  reduct ion of t h e  flow frequency s igna l  is accomplished by s i z i n g  the cham- 
ber volume such t h a t  the pressure rise time is  approximately the rec iproca l  of 
t h e  s i g n a l  frequency, i n  radians per second. 
o u t  of phase w i t h  s igna l  pressure, achieving cance l la t ion  of t h e  pressure f luc-  
t ua t ions .  

The f i l t e r  configurat ion next 

The inductive reactance of the "or i f ice"  is 

and length)  of t h e  output, 

1 

The s i z e  (diameter 

The lower frequency (below 1 KHz) generated by t h e  resonat ing piezo- 
Capacitive 

Addi- 

Cavity pressure is  then about 180' 

The c y l i n d r i c a l  drum f i l t e r  present ly  used has an i n t e r n a l  diameter 
of 0.625 inches and a length of 0.258 inches between ends. 
f i t t i n g ,  0.09 inches ID, and t h e  output i s  a 0.026 inch I D  tube approximately 
0.10 inches  i n  length. 
f i l ter  and the  resone,nt frequency amplitude i f 3  reduced by approximately %$. 

Input is a standard 

High frequency noise is  completelJv eliminated w i t h  t h i s  
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Ttip efl.wf,ivcncss of Lhe "drum" f i l t e r  i s  enhanced by t h e  a x i a l  alignment of 
i n p i 1  nnd output por t s  wi th  t he i r  axes p s r a l l e l  t o  the cy l ind r i ca l  axis.  This 
conf i O i r a t i o n  gives R desirable wave in te rac t ion  within t h e  cevity,  s ince hav- 
j ~ i g  thc ports unrzligned or set wi th  t h e i r  axes perpendicular t o  the chamber 
rixie rcdirccs t h e  l o w  frequency at tenuat ion t o  approximately TO$. 
f i l t e r  i F  pa r t i cu la r ly  e f f ec t ive  above 700 Her tz  (90% amplitude reduction) with 
thc r?f fectivenesa decreasing with lower resonant frequencies (50s reduction at 

The "drum" 

?I;@ 112). 

Concurrent with t h e  development of the acoust ic  d r ive r  e l ec t ro f lu id  
converter, 8 model of a low-pass f i l ter  was developed. 
onnlogous t o  an e lec t ronic  LCR f i l ter .  
a re  an inductive accumulator, a capacit ive chamber, and a by-pass r e s t r i c t o r .  
The small volumes within t h i s  f i l t e r  make it approximately 0.0075 seconds faster 
than  the "drum." 
b i l i t y  t o  a plsnar  form. 
t i v e l y  easy to  fabr ica te ,  photochemical etching o r  chemical mil l ing being sppl i -  
cable .  

This f i l t e r  i s  roughly 
The three major components of t h i s  f i l t e r  

Another d i s t i n c t  advantage of t h i s  configuration i s  i t s  adapta- 
A planar LCR f i l ter ,  as shown i n  Figure 16, is rela- 

The TCR f i l t e r  should be closely "tuned" t o  the  p a r t i c u l a r  amplif ier  
"he LCR f i l t e r  may be approximated by a net- w i t h  which it i s  t o  be employed. 

work of four  volumes md four r e s i s t o r s  as shown. Volume 1 is  the  l i n e  volumes 
from t h e  f i l t e r  input t o  t h e  o r i f i c e  plane of Volume 3, the  entrance plane to  
Volume 2, and t h e  narrowest pa r t  of the f lu id  r e s i s to r ,  Ri4. Volume 4 is l i n e  
volumes from t h e  e x i t  o r i f i c e  plane of Volume 3 t o  t h e  f i  t e r  output and f r o m  
R14 t o  t h e  f i l t e r  output. Notation for analysis  shows the d i r ec t ion  of flow i n  
t h e  st ibscripts:  R 1 4  i s  the resistor between Volumes 1 and 4 and the  associated 
weight  flow is Ilk. 
Flows within the  volumes may be e i ther  isentropic  o r  isothermal, depending on 
f l o w  rates. With l o w  ve loc i ty  f l o w  within a volume heat can f r ee ly  flow from 
t h e  f l u i d  t o  the volume w a l l s .  
temperature equaling w a l l  temperature. 
i sen t ropic  behavior because t h e  "thermal ine r t i a "  of the f luid/wal l  in te r face  pro- 
h i b i t s  high rates of heat t r ans fe r .  Most flow processes a re  polytropic,  being 
ne i ther  i sen t ropic  nor isothermal but somewhere i n  between. The dimensions of 
t h e  LCR f i l t e r ,  X-FCR-002-2, were arrived at by preliminary ca lcu la t ion  of capa- 
c i t i v e  reactance for desired volumes and of f l u i d  res i s tance  and inductive re- 
actance f o r  t he  resistors and passages. Estimated pressures and flows for the 
Model B e lec t ro f lu id  converter were taken f o r  these calculat ions.  

Flow through r e s i s to r s  may be considered as isentropic .  

The flow process then w i l l  be isothermal, f l n id  
With high flow rates the process approaches 

The X-FCR-002-2 f i l ter ,  used w i t h  t he  f u l l  s i z e  amplif ier  i n  Model B, 

As expected, t h e  f i l t e r  operates better with 
reduces the amplitude of the carrier frequency from the f lapper  valve by 85 t o  
W f ,  depending on t h e  flow range. 
higher  f l o w  r a t e s  (increased r e s i s t i v i t y ) .  
without a t tenuat ion  Over a very wide range of flows. 
qu i t e  rap id ly  with decreasing frequency (reduced inductive reactance); the 
a t t enua t ion  of an a l t e r n a t i n g  amplitude at 243 Hz is approximately 30$ 

The dc s igna l  component i s  passed 
Effectiveness f a l l s  off 
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Figure 11; - Planar Filter Type LCR Plaster (4s) Silhouette & Schematic 
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Figure 17 i s  an oscil lograph t race  of input voltage and output 

The c a r r i e r  frequency of 1100 Hz passes through qui te  
presslire from t h e  integrally-packaged, flapper-valve e l ec t ro f lu id  converter 
without a f i l t e r .  
cl-early and is  almost inseparable from the system noise. 
pos i te  p ic ture  taken from osciXlograph t races  of input voltage and output 
press i res  with a "drum" f i l t e r  and a planar LCR f i l t e r .  Input w a s  modulated 
at, 10 Ifz. The composite p ic ture  w a s  taken with the  output osci l loscope beam 
svnchronizcd with the  input s ignal .  The r e l a t i v e  phase s h i f t s  evident between 
outputs and input s igna ls  are val id ,  s ince the  beam sweep of the  output t r aces  
w a s  t r iggered by the  rise of the  input t r ace  voltage above zero vo l t s .  It 
should be noted t h a t  t h e  "drum" f i l t e r  is general  purpose, t he  -20 db point 
occurring at approximately 800 Hz, and t h e  X-FCR-002-2 f i l t e r  w a s  tuned, approx- 
imately, t o  1100 Hz a,nd s l i g h t l y  higher flow rates than t h e  Model B e l ec t ro f lu id  
converter developed. 

Figure 18 is a com- 
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Figure 17 - Unfiltered Pressure  Output and Electrical Input vs Time 
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Figure 18 - Comparison of LCR and "Drum1' Filters (Oscilloscope Photo 
Tracing) 
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Speci f ic  recommendations i n  conjunction with the genera l  conclusions 
a r e  given i n  t h e  following paragraphs. 

Conf i p r a t i o n  Improvement 

General configurat ion improvements are r ead i ly  possible i n  t h e  dcf lec-  
t a h l e  s p l i t t e r ,  f lapper  valve, acoust ic  driver, and movab1.e nozzle configurations.  
They should include b e t t e r  seal ing,  shor te r  interconnection, and simpler packag- 
ing. 
iinique t o  each model and spec i f i c  work which should be done on each model are 
presented below. 

I n i t i a l  l i f e  Find temperature t e s t s  should be made. Other improvements 

Deflectable  S p l i t t e r :  Some s t u d i e s  of t h e  de f l ec t ab le  spli t ter ,  using 
flow v i sua l i za t ion ,  should be m a d e  t o  determine the p r a c t i c a l i t y  of t h i s  approach. 
The " C / A s t r i o n i c s  Laboratory polar ized-l ight  water table might be used f o r  i n i -  
t i a l  s tud ie s .  Several  s p l i t t e r  nose shapes should be t e s t ed  t o  optimize sens i -  
t i v i t y  through a range of de f l ec t ion  achievable by p i ezoe lec t r i c  motivation. 
If such a s tudy proves t h a t  the def lec tab le  s p l i t t e r  p r inc ip l e  is p r a c t i c a l ,  fur -  
t h p r  development i n  packaging w i l l  be necessary, e spec ia l ly  s ince  a moving p a r t  
w i t h  st f l e x i b l e  f a i r i n g  must be sealed deep within the  un i t .  

Flapper Valve: Since t h e  present; d w i c e ,  Model R, i s  designed for  
planrir e tching,  a planar-etched model incorporating a layout f u l l y  i n t eg ra t ing  
the f lapper  valve case, the  f lu id  amplifier,  a l l  r e s t r i c t o r s ,  and interconnect ing 
channels shonld be made .-,nd f u i l y  t e s t ed .  Further  development of t h e  biased f l u i d  
amplif ier ,  w i t h  and without i t 8  f i l t e r ,  should be performed. When R s a t i s f a c t o r y  
conf igura t ion  i s  developed, it should be bu i l t  i n  f u l l y  in tegra ted  form as the 
Model R .  
face should he found and proven. Oppositely poled p iezoe lec t r ic  pieces  should 
be i n s t e l l e d  after being ex terna l ly  Lested. A configurat ion employing one in-  
pnt nozzle t o  each face of t h e  bender wi th  a s ing le  cavi ty  e x i t  should be 
inves t iga ted ;  a s ing le  f lapper  would thereby operate  on two nozzles. Goals 
of m p l i f i e r  development toward matching would be unchmged. 
Of converter  performance would be expected over t h e  e x i s t i n g  single-nozzle 
deeign. 

Highly durable  f lapper  bearing ma te r i a l  f o r  t h e  flapper-nozzle i n t e r -  

A higher l e v e l  

Acoustic Drivcr: Development is necessary t o  increase t.he power out- 
put  Of t h e  acous t ic  d r ive r .  
Phrngm type as t h e  Rctive element should be inves t iga ted  and the  better one 
developed. 
us ing  Semi-integrated packaging and fjna1.U in tegra ted  packaging, should next 
be pursued, 

Advantages of the can t i l eve r  bender v e r s u ~  dia- 

The developmental progression of anipl i f ie r  a.nd f i l t e r  optimization, 
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!kvr.xhle Nf17~7.1~: Improvements suggested when t h e  las t  model was 

A method of ty ing  
1-iw i: - f -~t t lOlnd,  cspcri a1 l y  i n  the  i n s t a l l a t i o n  of t h e  p i ezoe lec t r i c  benders, 
cltoirld he irnplcmnt,cd i n  8 modification of t h i s  design. 
' l i p  brndpr t i p a  together should be developed for  added s t a b i l i t y .  
cnn t i lmwr  design commmsurate w i t h  good performance should then be determined 
f n  mjtiimizr mechRnica1 bender resonance due t o  ex terna l ly  induced v ibra t ions  
?lnnr', the c ~ n t , i l e v e r ' s  s e n s i t i v e  ax is ,  %.e., normal t o  t h e  bender plane. 
t.rIcn3 fecdback from R premure  pickoff t o  increaae accurarly and R tab i l i t y  
rt imild Fc Pt.itdIed nnd implemented. 

l'he shortest 

Elec- 

P i  f f 1 1  se r n ~ t ,  i m i  zat  ion T e s t  Device 

T h i s  devjce may be used for a mul t ip l i c i ty  of purposes. I ts  p r i -  
mnry piirpose i s  f o r  parametric inves t iga t ion  of d i f f u s e r  lengths  and angles t o  
opt.imize the t--ransport 1 ag and pressure recovery cha rac t e r i s t i c s .  This design 
dr\{,a, si,h.ject~d t o  mal inq, would serve f o r  advanced d i f f u s e r  designs i n  spec ia l -  
plirpose ampl i f ie rs .  T h i s  device m a y  a l s o  be used f o r  determining duct loading 
e f f e c t e  through p a r t i a l  blockage of the p.sssage. 
formed t o  glean information on turbulence t r a n s i t i o n  i n  d i f fuse r s ,  boundary 
1 T,rer Etabil  i t y ,  turbulent  and laminar boundary l a y e r  phenomena i n  d i f f u s e r  
lengths ,  and ve loc i ty  p r o f i l e s  through expanding rectangular  sect ione.  A pre- 
l iminary test plan i s  presented i n  t h e  body of t h i s  report .  

Additional work should be per- 

Electromechanical Motivation 

Two areas  of e l  ectromechanical motivation are of h t e r e e t  for  fu r the r  
8 tiidy , piezoelect  r i c  rtnd magnetostrictive.  

Diiring t h e  course of study of p iezoe lec t r ic  devices,  one area requir-  
Jng f n r t h e r  inves t iga t ion  was suggested by the  frequency response t e s t s  t h a t  
were performed. T h i s  i s  the electromechanical bender. Frequency response of 
t h e  motivation device itse1.f needs fur ther  study while operat ing i n  i t s  pres- 
sure environment within t h e  f lapper  cavi ty .  I f  t h i s  frequency response were 
known, i t  would be the  upper l i m i t  of system performance and would therefore  
ind ica t e  whether improvement i n  t h e  resonant member or  chamber and nozzle 
would be required f o r  system improvement. 
he acquired by e l e c t r i c a l  contact. or v isua l  techniques. 
frequency response should be made w i t h  supply pressure,  frequency, bender 
shape, and contact  materials as var iables .  

Such frequency response d a t a  could 
Inves t iga t ions  of 

Other experiments t o  e s t ab l i sh  p r a c t i c a l i t y  of using a s ing le  lqyer 
p i e z o e l e c t r i c  diaphragm instead of cant i lever  laminate as a f lapper  would be 
valuable .  One such diaphragm study has already been mentioned. 

Power measurements, both e l e c t r i c a l  input  and mechanical output, 
would g ive  valuable in s igh t  i n t o  the  level of e f f i c i ency  a t ta ined .  
would also 6erve t o  guide designers  of complementary e l ec t ron ic s  equipment 
and e s t a b l i s h  whether the power l e v e l  required by the c r y s t a l  per 8e i s  of 
81lfficient; magnitude to  warrant s t u d i e s  i n  i t s  rediiction. 

The study 



(?thr:r !lcw:: of Carr ic r  Frequency Generation 

The. rmcccrzsfiil appl icat,ion of t h e  m l i t u d e  modulation pr inc ip le  using 
p i r z r ~ c I w t , r i c  h m d e r s  opens the door t o  possib e usage of o ther  means of generat- 
i n ~  ( .IF pticiimatic c a r r i e r  s ignal .  Magnetostriction and pulling-gap, proportioned 
r ~ l f i y s  a re  two t yp ica l  p r inc ip les  which are su i t ab le  f o r  t h i s  purpose. 

While hysteresis, temperature s e n s i t i v i t y  and excessive power rrlquire- 
rncnt r u l e d  out ~ l t c r n a t i n g  proportional mode of O p e r a G i o i i  w i t h  magzetcstridiive 
mstzr i~ t l  s ,  they do not represent par t icularxy d i f f i c u l t  problems if amplitude 
modtihtion operation is  used. Magnetostrictive devices having the capab i l i t y  
of operation i n  environments a t  milch higher temperatures than t h e  p i e z o ~ ? l e c t r i c  
mRt.prlnl8 should be ser ious ly  considered f o r  hot gas cont ro l  systems. 

Pillling-gap electromagnetic relqys h w e  been extensively used i n  
servovalve appl icat ions.  It has been found, however, that  the  small magnetic 
 gap^ e s sen t i a l  t o  proper operation can t r ap  magnetic dust  i n  the  f l u i d  medium 
being control led and t h a t  over 90% of servo valve r e l i a b i l i t y  problems i n  the  
past  can he traced t o  clogged magnetic pul l ing gaps. 
s igna l  i n  a gas, however, the  magnetic gap s i z e  can be considerably enlarged 
(from a f e w  thousandths of an inch t o  hundredths of an inch) such t h a t  t he  
r e l i a b i l i t y  of t h e  s igna l  converter can be considerably increased. 

To generate an ac carrier 

A magnetic s igna l  converter is usual ly  m a d e  of free-machining, 
ferromagnetic materials, an advantage over t h e  p iezoe lec t r ic  ceramics which 
can only be ground o r  lapped i f  any degree of precis ion i s  required. 

Based on these considerations it i s  recommended t h a t  fu r the r  study 
e f f o r t  be directed i n  the area  of generating pneumatic c a r r i e r  s igna ls  by mag- 
nct.ic or mngnetostrictive methods. 

Pulse Duration Modulation 

The modulation methods previously discussed include Pulse Dura- 
t i o n  Modulation (PDM). It o f fe r s  important advantages as an e l ec t ro f lu id  con- 
vers ion technique because d r i f t  and non- l inear i t ies  such as hys te res i s ,  creep- 
age, and temperature var ia t ions  do not a f f ec t  the  response. 
moderate va r i a t ion  of supply pressure i f  t he  output i s  used t o  drive a d i g i t a l  
element. 

Neither does 

Four possible  configurations of PEN should be invest igated.  Each 
configurat ion progressively uses more of the funct ional  blocks of Figure 19. 

Case E l e c t r i c a l  Input Signal Fluid Output Signal  - 
I Dig i t a l  (PDM Pulse Train) Dig i ta l  (PIX4 Pulse Train)  
I1 Dig i t a l  (PEM Pulse Train) Analog 
I11 Analog Dig i t a l  (PDM Pulse Train)  
Iv Analog Analog 

41 



. 
c-( 

U 
n 

L, 

t +  

4 
KJ 

brD U 

k 0 

U Id 
Q) 

a 7 4  

c, 
rl 

r( w 4 

LMSC/HREC ~ 7 8 2 4  36 

s 
Q 
m 
KJ u 

42 



It i s  assumed here t h a t  the  proportional input s igna l s  of Cases I11 
mid TV R r C  convcrted t o  e l e c t r i c a l  PDM pulse t r a i n s  by e l e c t r i c a l  c i r c u i t s  be- 
fore tlicy are fed i n t o  t h e  e l ec t ro f lu id  converter, thereby providing higher 
wciirwy, f n a t e r  response, and a smaller package than pure f lu id  A/D conver- 
sion. Hence, t h i s  inves t iga t ion  could be r e s t r i c t ed  t o  Cases I and 11 with 
e l e c t r i c a l  bistable input s ignals .  

Simple on-off components could be used. However, i n i t i a l  s tud ies  
of f e a s i b i l i t y  should be done on the movable nozzie z i e l  dfsz~ssrd prerric??xsly, 
8 s  shown i n  Figure 20. 
ment earLy i n  the s tud ie s  i f  proport ional  ( instead of PDM) f l u i d s  output i s  
required. 
pressures. By appropriate plenum s i zes  and o u t l e t  o r i f i c e s ,  t h e  difference,  

s igna l  dc  component. 

Plenum and/or f i l t e rs  would be introduced for develop- 

The proportional output i s  obtained by t h e  t i m e  averaging of ou tp i t  

A P  of t h e  plenum pressures w i l l  be proportional t o  the  e l e c t r i c a l  PDM input 

F’urther development of PDM beyond the  i n i t i a l  phase would probably 
center  around bistable amplif iers  for more pos i t ive  switching t o  fixed levels .  
Switching times i n  t h e  1 /2  t o  1 millisecond range are typical f o r  bistable 
amplif iers ,  ind ica t ing  t h a t  nigh enough pulse rates are feasible. 

Should any system requirements be incompatible with p iezoe lec t r ics ,  
magnetic switching might be invest igated.  
in Figure  21. 

One posSible arrangement is shown 
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Figure 21 - Magnetic Motivation of Bistable Switching 
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Initial studies of piezoelectrics revealed problems of non-linearities; 

the worst of which a r e  creepage' and hysteresis. 

tions demanded that the extent of these problems be well known within the 
limitations of their use for electrofluid converters. Only then could fluid 

passages, chambers, etc. be practically designed. 

Practical design considera- 

Information from vendors provided no useful information on hysteresis 

o r  creepage, but did provide the modulus of elasticity and piezoelectric 

constants (deflection per volt). 

to be calculated, providing valuable initial guidelines for design. 

calculations are: 

These values permitted bender deflection 

Such 

0 Deflection or  Gain 

The bending moment, M, in a piezoelectric material of thickness 2t 

(inactive eone of center s t r ip  neglected) under a driving field of voltage e 
is 

(newton-meter s ) M = Y (d 5 ) w t  2 

where: 

2 Y = modulus of elasticity, newtons/meter , 

d = piezoelectric constant, meter s/volt , 

W = width of bender, metera. 

1. "Greepage') is defined a s  continued physical change af ter  voltage has  
ceased to change. 
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S\tbstituting this expression into the equation for t h e  bending of beams 

yields 

where  I = moment of inertia about the axis orthogonal to x and z ame. 
Y Y  

dz 
dx For  cantilever mounting, 'I = - = 0 when x = 0,  the integration 

yields the gains 

= - d  3 - L2 

($)series 2 w2 

when benders a r e  connected as shown in Figures la  and l b  respectively 

e 

n 

a. Series Connection b. Parallel Connection 

Figure 1 - Electrical Connections for Benders 

A 2  
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1. GIDIERAL 

The breadboard model of the Lockheed/HRM: electrofluid converter is  
mounted on a n  electronic control chassis which provides e lectr ical  inputs to.  
Lhe model t o  demonstrate i t s  capabilities. 
how t o  a d j u s t  and operate the  control chassis when using only the chassis in-  
ternal e lectr ical  inputs or adding an external e lectr ical  input t o  operate the 
converter. To prevent damage to  piezoelectric bender, these instructions should 
be s t r i c t ly  observed. 

The following instructions describe 

2. TEcHloICAL DATA 

2.1 Chassis  Power - 115 Volts, 60 Hz 

2.3, Maximum External Input Signal - 2 0.75 volts 

3. OPERATIOFI BY CHASSIS C0I"ROLS 

3 . 1  Turn gain control f u l l  CCW. 

3.2 Connect ac voltmeter (set  on 100 volt range) across high 
voltage monitor terminals. 

3.3 Switch modulator control switch t o  the l e f t .  

3.4 Turn dc bias internal control f u l l  CCW. 

3.5 Switch power control t o  OR pos.ltian. 

3.6 Turn RC bias control f u l l  CW. 

3.7 Turn gain control CW u n t i l  voltmeter reads 60 volts. 

3.8 A d j u s t  frequency control: (a) t o  the resofiance frequency 
of the  piezoelectric bender when minimum pressure is ob- 
served; then (b) decrease the frequency by turning the 
control cw unt i l  the output pressure (P,) etarte t o  increaee. 



3.9 Turn dc bias cont ro l  CCW u n t i l  maximum Po occurs, then t u r n  
ac bias cont ro l  CW u n t i l  Po starts t o  decrease. 

Turn gain cont ro l  f u l l  CCW. 3.10 

3.11 Turn dc  hia.cr i n t e r n a l  control  f u l l  CW. 

3 . i z  AdJiist gain cnnt.ml u n t i l  voltmeter reads -+ 70 v o l t s ,  - 
3.13 Repeat s t e p s  3.9, 3.10, 3.11, and 3.12 u n t i l  desired ac bias 

s e t t i n g  is cor rec t  (3.9). 

Turn dc bias in t e rnR1  control  to manually vary Po. 3.14 

OPERATION BY I V 3 " A L  SIGNAL 

4. 3. 

4.2 

49 3 

4.4 

4.5 

4.6 

Complete s t e p s  3.1 through 3.13. 

Turn dc bias i n t e r n a l  control f u l l  CCW. 

Switch modulation con t ro l  t o  t h e  r igh t .  

Connect ex te rna l  input e l e c t r i c a l  s i g n a l  (maximum 1.5 pp v o l t s )  
t o  t he  e x t e r n a l  GR jacks; s i g n a l  ground t o  t h e  black jack and 
vol tage s i g n a l  t o  the  red jack. 

I f  t h e  input s igna l  becomes negative, ad jus t  t he  dc bias i n t e r -  
n a l  c o n t r o l  u n t i l  the  i n t e r n a l  ground (green)  jack has a vol tage 
s l i g h t l y  negat ive t o  input s i g n a l  ground. 

Adjust gain u n t i l  voltmeter across  high voltage monitor reads 
140 pp v o l t s .  
tion of t h e  external. input signal. 

The output pressure Po w i l l  now vary as a func- 

B2 


